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Objectives: Our goal was to determine flow distribution in the cavopulmonary connections of patients with and
without bilateral superior venae cavae who had the Fontan procedure. No large series exists that establishes the
flow distributions in Fontan patients, which would be an important resource for everyday clinical use and may
affect future surgical reconstruction.
Methods:We studied 105 Fontan patients (aged 2–24 years) with through-plane phase contrast velocity mapping
to determine flow rates in the inferior and superior venae cavae and left and right pulmonary arteries. Superior
caval anastomosis type included 40 bidirectional Glenn shunts (of which 15 were bilateral) and 53 hemi-Fontan
anastomoses; Fontan type included 69 intra-atrial baffles, 28 extracardiac conduits, and 4 atriopulmonary connec-
tions.
Results: Total caval flow was 2.9 1.0 L $min1 $m2, with an inferior vena cava contribution of 59% 15%.
Total pulmonary flow was 2.5  0.8 L $ min1 $ m2, statistically less than caval flow and not explained by fen-
estration presence. The right pulmonary artery contribution (55% 13%) was statistically greater than the left. In
patients with bilateral superior cavae, the right cava accounted for 52% 14% of the flow, with no difference in
pulmonary flow splits (50% 16% to the right). Age and body surface area correlated with percent inferior caval
contribution (r ¼ 0.60 and 0.74, respectively). Superior vena cava anastomosis and Fontan type did not signif-
icantly affect pulmonary flow splits.
Conclusions: Total Fontan cardiac index was 2.9 L $min1 $m2, with normal pulmonary flow splits (55% to the
right lung). Inferior vena caval contribution to total flow increases with body surface area and age, consistent with
data from healthy children.In the early 1970s, Fontan,1 Kreutzer,2 and their associates
independently developed strategies for palliation in patients
with tricuspid atresia that involved baffling the caval veins di-
rectly to the pulmonary arteries. This strategy has since been
modified and adopted for the treatment of all patients with
a single usable ventricle.3-7 Staged reconstruction of the
modified Fontan operation has become the standard bywhich
single ventricle is palliated. Despite success at many institu-
tions, managing these patients remains one of the most con-
troversial and challenging aspects of pediatric cardiology.
During routine management, it may be useful to measure
flow rates in various parts of the systemic venous pathway to
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doi:10.1016/j.jtcvs.2008.11.06296 The Journal of Thoracic and Cardiovascular Surgmake management decisions. This allows measurement of
cardiac output and the determination of flow splits to the pul-
monary arteries. Measurement of these flows may also prove
to be beneficial in planning future surgical reconstructions.
Cardiac magnetic resonance imaging (CMR) provides an ac-
curate, noninvasive means of measuring flow rate in each
limb of the cavopulmonary connection.8,9 However, no
large series exists that has used CMR to investigates the
flow rates and distributions in patients having the Fontan op-
eration. The goal of the study was to determine blood flow
distribution and flow rates in these patients using CMR in
the inferior and superior venae cavae (IVC and SVC) and
the left and right pulmonary arteries (LPA and RPA). These
data will serve as a guide for the clinical management of
these patients. In addition, the effect of patient age and
size, presence or absence of left SVC, and Fontan type on
both the IVC contribution to total Fontan flow and LPA/
RPA flow splits are determined.
METHODS
Patients
We studied 105 subjects with CMR phase-contrast velocity mapping.
They were enrolled at either Children’s Hospital of Philadelphia (CHOP)
or Children’s Healthcare of Atlanta (CHOA) over a 6-year period from
March 2001 through June 2007. All protocols were approved by theery c July 2009
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BSA ¼ body surface area
CHOA ¼ Children’s Healthcare of Atlanta
CHOP ¼ Children’s Hospital of Philadelphia
CMR ¼ cardiac magnetic resonance imaging
IVC ¼ inferior vena cava
LPA ¼ left pulmonary artery
MRI ¼ magnetic resonance imaging
RPA ¼ right pulmonary artery
SVC ¼ superior vena cava
institutional review boards of both institutions and informed consent was
obtained from all participants or their legal guardians.
The mean subject age was 11.5 years, ranging from 2 to 28 years. The
mean time from the Fontan operation for the 82 patients for whom the
data were available was 8.2 years. The SVC anastomosis and Fontan type
were recorded from the medical record for each patient, when available.
There were 40 patients with bidirectional Glenn shunts, 53 with hemi-Fon-
tans, and 12 who either had older atriopulmonary-type connections or else
had insufficient information to determine the type of SVC connection. The
Fontan type included 69 intra-atrial baffles, 28 extracardiac conduits, and 4
classic atriopulmonary connections. Four patients had their operations at
outside institutions and their Fontan types were not completely defined.
There were 15 patients with bilateral SVCs. The presence of an open fenes-
tration was recorded by the surgical note determining whether there was
a surgical fenestration and by the most recent echocardiogram documenting
whether the fenestration was still patent.
All patients were required to undergo a 1-hour magnetic resonance im-
aging (MRI) scan. Older patients performed breath-holds for image acqui-
sition, whereas younger patients or patients unable to cooperate were
sedated per institution protocol and averaging was used. No patient had ar-
rhythmias that precluded imaging in the scanner. Patients were excluded if
artifact precluded obtaining velocity maps in all 4 or 5 (for bilateral SVCs)
limbs of the Fontan pathway.
CMR
All CMR scans were performed at either CHOP or CHOA using either
a 1.5-T Siemens Magnetom Avanto (Siemens Medical Systems, Iselin,
NJ) or a 1.5-T GE Signa (GE Medical Systems, Milwaukee, Wis). Velocity
maps of each venous vessel (SVC, IVC, left SVC) and pulmonary artery
(LPA, RPA) were obtained. In addition, aortic outflow was available in
78 patients. Five patients were excluded from the study for artifact in one
or both pulmonary arteries.
Phase-Encoded Velocity Mapping
Retrospectively gated, through-plane phase-encoded velocity maps were
obtained in the SVC, IVC, RPA, and LPA and in most cases of the proximal
ascending aorta. Care was taken to be perpendicular to flow and to obtain
slice positions and orientations that were (1) distal to the azygos insertion
(when still present) into the SVC, (2) proximal to the RPA upper lobe
branching, and (3) distal to the aorta–pulmonary anastomosis (if present).
Multiplanar reconstruction was used to set the position and angle of the im-
aging plane for phase-encoded velocity mapping. A set of sample parame-
ters is given in Table 1.
Data Analysis
An in-house program in Matlab (The Mathworks, Natick, Mass) was
used to read and process acquired images. A gradient-based active contour
algorithm was implemented for the semiautomatic segmentation of the ves-The Journal of Thoracic andsel of interest in all the cardiac phases.10 A contour was manually outlined
around the vessel of interest. This contour would automatically evolve on
the basis of gradient-based forces until it identified the vessel boundary
for all the cardiac phases. The segmentation was visually inspected for
accuracy, and incorrect contours were adjusted manually. The segmented
pixel values were converted into velocity values, which were integrated
over the entire vessel area for each cardiac phase to extract flow for that
phase. Mean flow rates were computed by averaging the flows through all
the cardiac phases.
These flowswere indexed to body surface area (BSA) for comparison. Frac-
tional contributions of IVCandRPA to total bloodflowwere calculated and cor-
related with BSA and age. All population statistics are reported as amean the
standard deviation. Differences between statistics are reported as mean differ-
ence  the standard error. Total pulmonary blood flow, total caval blood
flow, and aortic flow were compared using a paired Student t test. The data
were disaggregated by Fontan type, SVC anastomosis type, and the presence
or absence of a left SVC. These groups were compared by Student t test for in-
dependent samples to determine whether flow splits vary by group.
RESULTS
The results of the Fontan flow analysis are summarized in
Table 2. The contribution of IVC flow to total systemic ve-
nous return was 59% 15%. The contribution of RPA flow
to total pulmonary blood flow was 55% 13%, which was
significantly greater than half (P ¼ .003). Total pulmonary
flow was measured at 2.4  0.7 L $ min1 $ m2, compared
with 2.8 L $ min1 $ m2 for the measured total caval flow,
a difference of 14% (P< .001).
In patients with bilateral SVCs, the right SVC accounted
for 52% 14% of the flow. No difference was noted in the
pulmonary flow splits for patients with bilateral SVCs, with
48%  19% to the right lung.
A potential source of difference between the systemic ve-
nous and pulmonary flows is the presence of a fenestration in
the Fontan repair, which would allow a right-to-left shunt
before blood reaches the branch pulmonary arteries. To in-
vestigate this, the data were disaggregated by the presence
or absence of a fenestration at the time of the MRI. Although
the ratio of pulmonary to caval blood flow was slightly
higher in patients without an open fenestration (0.86 
0.24 vs 0.84 0.20), the difference was small and not statis-
tically significant.
Age and BSA were correlated with the IVC fraction of to-
tal systemic venous return (r ¼ 0.60 and 0.74, respectively;
P<.05). The IVC fraction appeared to increase in a logarith-
mic pattern with BSA (Figure 1). Conversely, there was no
correlation between RPA fraction of pulmonary blood flow
and age or BSA.
Effect of Left SVC and Fontan Type
Table 2 summarizes the comparison of patients with bilat-
eral SVCs with those without, and it compares those with in-
tracardiac versus extracardiac Fontans. There was no
significant effect of SVC anastomosis type, Fontan type,
or presence of a left SVC on the pulmonary flow splits or
the fractional contribution of the IVC to caval flow.Cardiovascular Surgery c Volume 138, Number 1 97
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Parameter Setting Parameter Setting
TR (ms) 50 Asymmetric echo allowed R-R ¼ 750 ms VENC (cm/s) 50–150*
TE (ms) 3.8 Rectangular FOV 66%
FOV (mm) 250 Acquisition window 750 ms
Thickness (mm) 5 Flip angle (deg) 25
Phases (calculate) 25 Measured phases: 14 Segments 3
Matrix 127 3 256 Partial phase Fourier 0
NEX 3 Bandwidth (Hz/px) 260
TR, Repetition time; TE, echo time; FOV, field of view; NEX, number of excitations; VENC, velocity encoding. *The setting of 50 to 80 used for the superior and inferior venae
cavae and the right and left pulmonary arteries; 150 was used for the aorta.The ratio of pulmonary to caval flow is not statistically
different from unity for the extracardiac Fontans. However,
the mean ratio of pulmonary to caval flow for the intracar-
diac Fontans is statistically different from unity. The BSA
and age in the extracardiac Fontans were significantly lower
than those of the lateral tunnel Fontans. This reflects recent
surgical trends and thus makes direct comparison of caval
contributions as a function of Fontan type with regard to
age and BSA difficult in this study.
Effect of Ventricular Morphology and Type of
Congenital Heart Disease
The first part of Table 3 summarizes the flow results for
patients with dominant right (62 patients) or left ventricles
(37 patients). The remaining 6 patients either had a morpho-
logically ambiguous systemic ventricle or had two good
sized ventricles. There were no significant differences be-
tween the two groups. The most common types of congenital
heart disease included hypoplastic left heart syndrome (42
patients), tricuspid atresia (18 patients), various forms of
double-outlet right ventricle (15 patients), D-transposition
of the great arteries (8 patients), and pulmonary atresia98 The Journal of Thoracic and Cardiovascular Surgwith intact ventricular septum (7 patients). The remaining
patients were a mix of more unusual substrates. The only sig-
nificant finding was that the indexed caval flow for the group
with pulmonary atresia and intact ventricular septum (2.2 L $
min1 $ m2) was significantly less than that for the group
with hypoplastic left heart syndrome (2.8 L $ min1 $
m2). Note that the aortic flow did not follow this trend, sug-
gesting that this group may tend to have greater aortopulmo-
nary collateral flow.
Effect of Breath-Holding on Measured Flows
There were 71 patients who performed breath-holding
during the phase contrast magnetic resonance velocity map-
ping acquisitions, whereas 34 patients were sedated and free
breathing. There were no significant differences between the
two groups.
Comparing Fontan Flows With Aortic Flow
When compared with aortic flow data, the measured caval
flow was generally about 12% lower across the range of
measured flows (Table 4). The measured pulmonary blood
flow was about 22% lower on average. This appears to beTABLE 2. Summary of velocimetry data for caval and pulmonary artery flows and comparisons between the presence and absence of an LSVCand
Fontan type
Flows (L $ min1 $ m2)
Ratios as fraction
No LSVC
90
Mean ± SD
With LSVC
15
Mean ± SD
LSVC
vs no
LSVC
P value
Intracardiac
Fontan
69
Mean ± SD
Extracardiac
Fontan
28
Mean ± SD
Intracardiac vs
extracardiac
P value
Age 11.0  5.8 14.8  6.9 .03 11.9  5.5 8.5  4.9 .005
BSA 1.13  0.44 1.41  0.55 .03 1.2  0.5 0.9  0.3 .003
(IVCþSVC)/BSA 2.9  1.0 2.7  0.8 .61 2.8  1.0 3.0  1.0 .43
(RPAþLPA)/BSA 2.5  0.8 2.2  0.6 .17 2.3  0.8 2.7  0.8 .03
IVC/(IVCþSVC) 0.59  0.15 0.61  0.11 .59 0.60  0.15 0.55  0.11 .17
RPA/(LPAþRPA) 0.55  0.13 0.50  0.16 .22 0.55  0.13 0.51  0.13 .14
(RPAþLPA)/(IVCþSVC) 0.92  0.2 1.1  1.7 .38 0.88  0.3 1.26  1.9 .1
n 67 11 52 22
Aortic flow/BSA 3.7  1.6 3.2  0.7 .40 3.4  1.5 4.1  1.5 .11
(IVCþSVC)/Ao 0.88  0.5 0.88  0.2 .99 0.92  0.5 0.82  0.3 .41
(RPAþLPA)/Ao 0.78  0.6 0.73  0.3 .79 0.80  0.6 0.70  0.2 .48
LSVC, Left superior vena cava; SD, standard deviation; BSA, body surface area; IVC, inferior vena cava; SVC, superior vena cava; RPA, right pulmonary artery; LPA, left pulmonary
artery; Ao, aorta. All values reported as mean  standard deviation.ery c July 2009
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much as Figure 2 demonstrates that there was excellent cor-
relation between the total pulmonary blood flow, total caval
blood flow, and aortic flow. Note in the Bland–Altman plot
for the caval data that there are almost no data points in
which the caval flow exceeds aortic flow, with most patients
having measured caval flow significantly less than the aortic
flow. Five significant outliers in these data were excluded
from the correlation. The linear regression of caval and pul-
monary flows with aortic flow demonstrates excellent corre-
lation, but with slopes significantly less than unity.
DISCUSSION
The current study is the largest to date in measuring Fon-
tan flow distribution in the systemic venous pathway. Its
agreement with prior data using both mass spectrometry11
FIGURE 1. Relationship between the inferior vena caval (IVC) fraction of
caval flow and body surface area (BSA). There was a strong correlation be-
tween IVC fraction and BSA; y ¼ 0.2 ln(x)þ0.57, r ¼ 0.72, P< .05.The Journal of Thoracic andand the Fick method12,13 suggests that CMR can accurately
measure blood flow in the Fontan baffle. The importance of
a large series of patients in establishing normative data for
this unique population should not be understated. Prior se-
ries are at best anecdotal and certainly cannot be viewed
as establishing normal values.
Many investigators, including us, are performing com-
puter and in vitro modeling of the Fontan pathway to better
understand the hemodynamics of the connection. Many in-
vestigators rely on normal values reported in the literature
on which to base their models. Inasmuch as the previously
reported series have been quite limited, we believe the cur-
rent data will provide a more comprehensive range of normal
flows and flow splits on which investigators can base their
models.
This study demonstrated that total caval flow was 2.9 L $
min1 $ m2, with measured total pulmonary flow slightly
less, and an IVC contribution of nearly 60%. Flows to
both lungs and from both SVCs, when present, were nearly
equal. Type of SVC anastomosis or Fontan did not signifi-
cantly affect pulmonary flow splits. Age and BSA were cor-
related with IVC contribution.
There was a relatively small but significant difference be-
tween measured pulmonary and systemic venous flow. Part
of this may be explained by Fontan fenestration, although at-
tempts to control for this did not account for the differences.
One potential source may be in the measurement of the RPA
flow, as the origin of the right upper lobe branch of the pul-
monary artery is often extremely close to the SVC–RPA
junction. It is therefore often very challenging to choose
an imaging plane that will exclude the SVC but include
the right upper lobe branch.
There was excellent correlation between aortic and both
pulmonary and venous flow measurements. However, the
measured systemic venous and pulmonary artery flowsTABLE 3. Summary of velocimetry data and comparisons between the systemic LVand RV, as well as summaries of flows for breath-held versus
free breathing
Flows (L $ min1 $ m2)
Ratios as fraction
n
RV LV Breath-held Free breathing
62 37 RV vs LV 71 34 Breath-held vs free breathing
Mean ± SD Mean ± SD P value Mean ± SD Mean ± SD P value
Age 11.6  5.8 12.5  6.1 .4 12.7  5.9 9.4  5.8 .01
BSA 1.15  0.47 1.26  0.44 .27 1.2  0.5 1.0  0.5 .02
(IVCþSVC)/BSA 2.9  0.8 2.8  1.2 .66 2.7  1.0 3.0  0.9 .13
(RPAþLPA)/BSA 2.4  0.8 2.5  0.8 .74 2.5  0.8 2.4  0.7 .92
IVC/(IVCþSVC) 0.61  0.11 0.58  0.16 .23 0.60  0.14 0.57  0.15 .24
RPA/(LPAþRPA) 0.55  0.13 0.52  0.14 .34 0.53  0.13 0.57  0.14 .17
(RPAþLPA) / (IVCþSVC) 0.87  0.24 1.2  1.7 .13 1.05  1.2 0.84  0.2 .31
n 50 25 46 32
Aortic flow/BSA 3.5  1.6 3.7  1.3 .67 3.5  1.8 3.7  0.95 .61
(IVCþSVC)/Ao 0.93  0.5 0.82  0.3 .32 0.90  0.6 0.86  0.2 .69
(RPAþLPA)/Ao 0.82  0.6 0.72  0.2 .43 0.84  0.7 0.68  0.2 .18
LV, Left ventricle; RV, right ventricle; SD, standard deviation; BSA, body surface area; IVC, inferior vena cava; SVC, superior vena cava; RPA, right pulmonary artery; LPA, left
pulmonary artery; Ao, aorta. All values reported as mean  standard deviation.Cardiovascular Surgery c Volume 138, Number 1 99
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Flows (L $ min1 $ m2)
Ratios as fraction HLHS Tricuspid atresia DORV PA-IVS D-TGA
n 42 18 15 7 8
Age 10.0  5.0 11.4  6.5 13.6  7.1 15.0  3.9 14.9  7.4
BSA 1.09  0.42 1.16  0.47 1.24  0.49 1.4  0.23 1.3  0.6
(IVCþSVC)/BSA 2.8  0.7 3.2  1.4 3.1  1.0 2.2  0.8 3.0  1.1
(RPAþLPA)/BSA 2.3  0.7 2.7  1.0 2.9  0.9 2.2  0.7 2.4  1.1
IVC/(IVCþSVC) 0.60  0.12 0.54  0.17 0.60  0.10 0.62  0.21 0.65  0.11
RPA/(LPAþRPA) 0.56  0.12 0.49  0.13 0.51  0.08 0.60  0.22 0.50  0.11
(RPAþLPA)/(IVCþSVC) 0.85  0.26 0.9  0.27 0.95  0.21 1.0  0.18 0.82  0.21
n 32 10 12 4 4
Aortic flow/BSA 3.3  0.8 3.9  1.6 3.7  1.5 3.2  0.3 2.8  0.6
(IVCþSVC)/Ao 0.88  0.22 0.88  0.16 0.90  0.17 0.78  0.10 1.0  0.3
(RPAþLPA)/Ao 0.74  0.21 0.73  0.16 0.83  0.20 0.76  0.12 0.7  0.1
HLHS, Hypoplastic left heart syndrome; DORV, double-outlet right ventricle; PA-IVS, pulmonary atresia with intact ventricular septum; D-TGA, dextro-transposition of the great
arteries; SD, standard deviation; BSA, body surface area; IVC, inferior vena cava; SVC, superior vena cava; RPA, right pulmonary artery; LPA, left pulmonary artery; Ao, aorta. All
values.were significantly lower than the measured aortic flows. This
may be explained in part by coronary blood flow, which is in-
cluded in aortic velocity maps when measured near the valve.
Amore likely explanation for this difference is the presence of
significant aortopulmonary collaterals, inasmuch as these col-
laterals are known to be present in Fontan patients, especially
after prolonged pleural effusions.14 This difference deserves
further investigation. The quantification of collateral flow
has classically been quite difficult, and these data point to a po-
tential mechanism of quantifying this flow. Recognizing the
potential differences in measured aortic and caval flow is im-
portant and has not previously been described.
Another potential source of error in the Fontan pathway
flow measurements is in the breath-holding technique used
during routine phase contrast magnetic resonance velocity
mapping acquisitions. It has been demonstrated that Fontan
blood flow, especially the IVC, increases during inspiration
and decreases during expiration.15 Many of the sequences
were acquired during expiratory breath-holds and may ac-
count for some of the differences between the aortic and
Fontan baffle measurements. However, comparisons be-
tween the breath-held and free-breathing patients revealed
no significant differences. This suggests that the effects of
breath-holding on the flow measurements are likely small.
The increase in IVC fraction with age shown in Figure 1 is
consistent with previous studies in normal children.16 A
Doppler study by Salim and associates16 in 1995 looked at
SVC flow compared with total pulmonary blood flow in
a group of 145 healthy children. They determined that the
IVC flow reached a nadir of 45% of total caval flow at 2.5
years of age and then increased to 65% of the total pulmo-
nary blood flow by 6.6 years of age. Although the IVC con-
tributions were slightly lower than those suggested in our
study, the overall trend is quite similar. Note that the initial
decline in IVC fraction was not captured in our study be-100 The Journal of Thoracic and Cardiovascular Sucause most of our patients were older than 2.5 years of
age, whereas the Salim study indicates the nadir occurs.
This suggests that the presence of a Fontan does not have
a significant effect on the relationship between SVC and
IVC contributions of caval flow.
Prior Studies
To date, very few studies have systematically examined
the flow rates and distribution in the Fontan baffle. We are
not aware of any series of the magnitude currently being pre-
sented.
In 1999, Fogel and colleagues17 used CMR presaturation
pulse sequences to measure the IVC and SVC flow contribu-
tion to each pulmonary artery. In this study, 10 patients un-
derwent CMRwith presaturation pulses applied individually
to the SVC and IVC, with the relative flow contribution to
each pulmonary artery measured using the relative signal de-
crease. It was shown that in their cohort of 2-year-old chil-
dren, on average 40% of the total systemic venous return
was from the IVC, with relatively more flow from the IVC
directed toward the LPA. This is consistent with our study
in which approximately 37% of the caval flow was from
the IVC in this age group (see Figure 1). Absolute flows
were not measured in their study.17
The largest series to date came from Rosenthal and co-
workers11 in 1995. This study used respiratory mass spec-
trometry with acetylene to measure effective pulmonary
blood flow during rest and exercise in 43 patients having
the Fontan operation. The resting pulmonary blood flow
was measured at 2.2 L $min1 $m2 for atriopulmonary Fon-
tans and 2.3 L $ min1 $ m2 for total cavopulmonary con-
nection Fontans.11 These data agree very well with our
measured total pulmonary blood flow.
Shekerdemian and coworkers13 in 1997 studied 14 Fontan
patients under conditions of positive- and negative-pressurergery c July 2009
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tive cardiac catheterization after the Fontan procedure. They
measured pulmonary bloodflowbydirect Fickmeasurement.
The pulmonary blood flow under positive-pressure ventila-
tionwas2.41.1L$min1$m2andundernegative-pressure
ventilation was 3.5 1.5 L $min1 $m2.13
Hjortdal,15 Pedersen,18 and their associates measured
caval and pulmonary blood flow in 11 Fontan patients during
FIGURE 2. A, Bland–Altman of percent difference between measured
aortic and caval flow. Note good agreement with the exception of 4 outliers,
but with a bias of the aorta being 21% greater. The difference is not a func-
tion of cardiac output. B, Total caval flow and pulmonary flow versus aortic
flow with outliers not included. Caval flow shows strong correlation with
aortic flow data, y ¼ 0.83xþ 0.11, r ¼ 0.90. Similarly, pulmonary flow
shows strong correlation with aortic flow (r ¼ 0.85). IVC, Inferior vena
cava; SVC, superior vena cava.The Journal of Thoracic and Crest and exercise. They measured the average total indexed
caval blood flow at 2.5 L $ min1 $ m2 at rest, with 56%
of the flow from the IVC at rest. The indexed pulmonary
blood flow was 2.3 L $ min1 $ m2, which was not signifi-
cantly different from the caval flows measured in this study.
Limitations
CMR obtains flow data over multiple heartbeats, and the
data therefore represent an average flow over the course of
image acquisition (between 15 and 25 seconds). Although
correlation with echocardiographic data is possible, it is dif-
ficult to draw a one-to-one comparison inasmuch as echocar-
diography measures instantaneous flows.
The age range of our patient population was 2 to 24 years,
and therefore large numbers in individuals in each age bracket
are not present. In addition, this was a cross-sectional and not
a cohort study, so how flows change in an individual patient
over the course of time cannot be gleaned from this data.
This study did not concentrate on outcome based on the
measured flows and is a starting point for future investiga-
tions regarding the impact of these data. Further follow-up
studies in these patients are currently underway.
CONCLUSIONS
This study demonstrates that in patients having the Fontan
procedure, IVC fractional blood flow is a function of age and
BSA, similar to normal children. Although there is a wide
range,RPA fractional flow is on average 55% and is not a func-
tion of age or BSA. In patients with bilateral SVCs, there is no
significant dominance of the right SVC overall and no signif-
icant difference in blood flow to each lung. There was no sig-
nificant effect of SVC anastomosis type on pulmonary blood
flow in this study. Although cardiac output measured by aorta
or total caval flow was not statistically different between Fon-
tan types, measured pulmonary blood flow was significantly
less in intracardiac compared with extracardiac Fontans. There
were no significant differences in flows between patients with
dominant morphologically left or right ventricles.
The current data demonstrate excellent correlation among
all three methods of measuring cardiac output with relatively
small errors between them. However, it is important to note
that measuring aortic flowmay actually significantly overes-
timate Fontan blood flow in a majority of patients with or
without a fenestration. Although a likely reason for this dif-
ference is aortopulmonary collaterals, this cannot be proven
in the current study. This is an important finding, inasmuch
as measuring aortic flowmay not adequately characterize the
effective systemic output. This is likely better characterized
by measuring caval flows, which exclude the relatively inef-
fective aortopulmonary collateral flow. The difference be-
tween aortic and caval flow may provide a way to quantify
collateral flow in these patients, which may be an important
problem contributing to hemodynamic compromise in
a subset of Fontan patients. Further studies are required toardiovascular Surgery c Volume 138, Number 1 101
C
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Congenital Heart Disease Whitehead et aldetermine whether this is a reliable method of quantifying
aortopulmonary collateral flow.
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